INTRODUCTION
Nowadays, there are many techniques for detecting a nucleic acid. The conventional technique is polymerase chain reaction (PCR) used together with agarose gel electrophoresis. Gel electrophoresis is not only time-consuming, but also sensitive to many factors such as agarose type, buffer and voltage. In fact, sensitivity of agarose gel electrophoresis may not be suitable for detecting a minute amount of PCR product. As a result, a real-time PCR has been developed for faster detection, greater sensitivity and quantitative assay since it can detect PCR products in real-time during the exponential phase. Therefore, this particular technique has been applied for a decade for determining certain gene expression profiles in several chronic degenerative diseases such as diabetes (Nagaev and Smith, 2001 ) and cancer (Bernard and Wittwer, 2002) . However, the use of the real-time PCR approach has been limited because of various requirements including high-cost specific instruments and chemicals as well as skillful operators. Recently, a biosensor technique has been introduced for detection of nucleic acids, enzymes, antibodies and other biomarkers. Fundamentally, a electrochemical biosensor consists of two main parts, which are the recognition part specific to target analytes such as nucleic acids, enzymes and antibodies, and a transducer capable of converting a specific signal to an electrical signal (Scheller, et al., 2001) . For the electrochemical-based detection technique, fluorescent dye such as Hoechst 33258 has been popularly used to detect DNA or to track DNA replication (Latt and Stetten, 1976) . The Hoechst 33258 dye functions as a DNA intercalator that binds effectively to a minor groove of double-stranded DNA at its A-T rich region (Embrey et al., 1993) . In its free form, this dye is oxidized to provide an electron to the electrode of the electrochemical biosensor to produce the electrochemical signal, which can be measured as an anodic current peak. The anodic current peak is measured via linear sweep voltammetry (LSV) (Sufen et al., 2002) . In contrast, when Hoechst 33258 binds to DNA in the solution, the electrochemical signal or anodic current peak is inversely proportional to DNA concentration. This particular dye has commonly been used because the effect of DNA aggre-gation by this molecule is better than the others (Kobayashi et al., 2004) . The electrochemical biosensor using Hoechst 33258 has been applied for analysis of DNA in several areas including detection of bovine constituents in feedstuff (Chaumpluk et al., 2006) , detection of single nucleotide polymorphisms (SNPs) of clinically important alleles using a disposable electrochemical printed (DEP) chip (Ahmed et al., 2007) and identification of meat species using DEP chips with a loop mediated isothermal amplification technique (Ahmed et al., 2010) . The electrochemical biosensor aggregation with Hoechst 33258 is easy to use, inexpensive and less time-consuming because it eliminates the immobilization step and reduces expense for specific probes. Also, it increases efficiency of detection when used in combination with PCR.
In this study, we modified the label-free electrochemical biosensor using a DEP chip, Hoechst 33258, and LSV for semi-quantitative determination of gene expression. The technique was applied to detect such commonly expressed genes as b-actin and compare both correlation and efficiency with a conventional agarose gel technique. Finally, this technique was applied to detect a gene of interest, receptor for advanced glycation endproducts (RAGE). From a clinical viewpoint, this particular receptor has been reported to cause pathological effects in many types of chronic degenerative diseases upon binding to certain types of specific ligands (Schmidt et al., 2001; Stern et al., 2002) . Since human liver carcinoma (HepG2) and human cervical cancer (HeLa) cell lines have previously been demonstrated to express the RAGE gene (Zhang et al., 2007) , they were used as in vitro models for determining RAGE gene expression in a semi-quantitative manner in the present study. The degree of gene expression in both cell lines was also compared with regard to their relative copy numbers.
MATERIAL AND METHODS

Cell culture
HeLa and HepG2 cell lines were cultured in 25-cm 2 flasks (SPL Life Sciences, Gyeonggi-Do, Korea) with Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS) (Hyclone Thermo Scientific, Logan, UT, USA) at 37°C under 5% CO 2 .
Total RNA extraction and semi-quantitative reverse transcriptase-PCR (RT-PCR)
After HeLa and HepG2 cells were seeded in six-well plates (Corning Life Sciences, Corning, NY, USA) at a cell density of 1 x 10 6 cells/well in complete growth medium and incubated overnight at 37°C under 5% CO 2 , total RNA was extracted using the NucleoSpin ® RNA II kit (Macherey-Nagel, Düren, Germany) according to manufacturer instructions. The amount of RNA was determined by absorbance at 260 nm. Then, total RNA was reverse transcribed into complementary DNA (cDNA) in a total volume of 20 µL per reaction using the Verso TM cDNA synthesis kit (ABgene Ltd, Epsom, UK) at 42°C for 30 min for 1 cycle and inactivation at 95°C for 2 min for 1 cycle. In the RT reactions, both 300 ng and 1200 ng of total RNA were added into the 20-µL reaction tubes, thus giving rise to final concentrations of total RNA, 15 and 60 ng/µL, respectively. Assuming that 100% cDNA conversion efficiency for RT was achieved, 5 µL of the RT reaction corresponding to 75 and 300 ng cDNA was used as a template for PCR.
Since interference due to non-specific PCR products can occur, thus resulting in a misinterpretation of DNA detection by the electrochemical biosensor, the newly designed specific primers (RAGE forward: 5ꞌ-GTGGGGACATGTGTGTCAGAGGGAA-3ꞌ and RAGE reverse: 5ꞌ-TGAGGAGAGGGCTGGGCAGGGACT-3ꞌ were of great importance for this study. However, specific primers for detecting the mRNA expression of our studied housekeeping gene (b-actin forward: 5ꞌ-ACGGGTCACCCACACTGTGC-3ꞌ and b-actin reverse: 5ꞌ-CTAGAAGCATTTGCGGTGGACGATG-3ꞌ) were based on a previous report (Fisker et al., 2004) . The expected PCR products were 383 bp for RAGE and 656 bp for b-actin. After the RT step, PCR amplification was performed for 30 cycles using a PTC-200 DNA Engine (GMI, Ramsey, MN, USA) in a 50-µL reaction mixture. After initial denaturation at 95°C for 5 min, each cycle of PCR consisted of a 30 s denaturation at 95°C, a 30 s annealing at 65°C for RAGE and 58°C for b-actin, and a 30 s extension at 72°C. The final extension at 95°C for 5 min and 15 min was carried out for RAGE and b-actin amplification, respectively. For the amplification reaction, a PCR mixture composed of 5 µL of the above RT reaction mixture, 10X Taq buffer, 1.0 mM MgCl 2 for RAGE or 1.5 mM MgCl 2 for b-actin, 10 mM dNTPs, 10 µM primers and 1.25 U Taq DNA polymerase (Fermentas, Burlington, ON, Canada) was used.
Establishment of standard curves for RAGE and β-actin genes
Briefly, plasmid DNA constructs were previously made using two commercial vectors, pcDNA3.1/V5-His TOPO ® TA vector (Invitrogen, Carlsbad, CA, USA) and pGEM-T Easy ® vector (Promega, Madison, WI, USA) for RAGE and b-actin DNA fragments, respectively. The 6764-bp plasmid construct, referred to as pcDNA3.1/V5-His TOPO ® TA-RAGE, was made as described elsewhere (Lertwittayapon, 2010) , while the 3671-bp pGEM-T Easy ® -b-actin construct was provided as a gift by Varaporn Rakkhitawatthana (Graduate Program in Clinical Biochemistry and Molecular Medicine, Faculty of Allied Health Sciences, Chulalongkorn University, Bangkok, Thailand). Corresponding plasmid constructs were extracted from bacteria by PureLink TM HiPure Plasmid Maxiprep kit (Invitrogen). Each extracted plasmid DNA was used for making at least 5 concentrations of the standard curve. In particular, RAGE standards consisted of 10 9 , 10 7 , 10 5 , 10 3 , and 10 copies, and b-actin standards composed of 10 9 , 10 8 , 10 7 , 10 6 , 10 5 , and 10 4 copies to cover the applicable concentrations of samples. Several standard concentrations were used for creating standard curves with regard to agarose gel electrophoresis and electrochemical biosensor methods.
Electrochemical DNA biosensor
A 200-µM stock solution of Hoechst 33258 [2-(4-hydroxyphenyl)-5-(4-methyl-1-piperazinyl)-2,5-bi(1H-benzimidazole) from Sigma-Aldrich (St. Louis, MO, USA) was prepared by dissolving Hoechst 33258 in distilled water with high purity, which was filtered through a 0.2-µm syringe filter (Corning Life Sciences). The Hoechst 33258 solution was then divided into small aliquots and kept in the dark at -20°C. The Hoechst 33258 stock solution was diluted in 50 mM phosphate buffer solution, pH 7.4, just before use, and then mixed with fresh PCR products to reach the final Hoechst 33258 concentration of 20 µM. The mixture was incubated in a heat box at 37°C for 25 s, and then 20 µL of the reaction mixture was loaded on the working electrode of the DEP chip (Biodevice Technology, Ishikawa, Japan) ( Figure  1 ). In particular, EP-N chips consisting of a round carbon electrode with an area of 2.64 mm 2 , Ag/AgCl reference electrode and a counter electrode were utilized for this study. The detection system consisted of a multichannel DNA chip tester (measurement program) using LSV with a scan rate of 100 mV/s, initial electric potential of 1000 mV and final electric potential of 1000 mV. The changes in anodic current were recorded, and anodic current peak was used for further calculations. 
Electrophoresis detection of DNA
PCR products of RAGE and b-actin from the same tubes, which were analyzed by electrochemical biosensor, were loaded on 2% agarose gel (Research Organics, Inc., Cleveland, OH, USA) and run in 1X TAE buffer with 90 V for 35 min. The agarose gel was stained with ethidium bromide, and specific bands were visualized and measured using a Gel Documentation system (Syngene, Cambridge, UK).
RESULTS
Standard curves of b-actin and RAGE genes
Standard curves of b-actin and RAGE genes were created for the electrochemical biosensor method using DEP chip aggregation by Hoechst 33258, and for agarose gel electrophoresis. Using agarose gel electrophoresis to evaluate the success of the PCR approach, as varying concentrations of plasmid constructs containing either b-actin or RAGE fragments were used as templates, the results showed that the lowest detectable concentration was 10 4 copies for b-actin ( Figure 2A ) and RAGE ( Figure 2B ). In agarose gel electrophoresis, band intensities of b-actin gene expressed in HeLa and HepG2 cells were revealed when analyzing cDNA concentrations of 75 ng ( Figure 3A ) and 300 ng ( Figure 3B ). Standard curves from the electrophoresis method were plotted with respect to DNA concentrations (log copy numbers) used as PCR templates versus band densities derived from electrophoretogram for b-actin ( Figure 4A ) and RAGE ( Figure 4B ). For the electrochemical biosensor, since the current was dependent on free Hoechst 33258 molecules in the mixture, the current peak was inversely proportional to DNA concentration. A standard curve of b-actin gene was plotted between log copy numbers and anodic current peaks and a linear line was drawn (y = 5.8249 -0.3523 x; R 2 = 0.9783) ( Figure 5A ). Therefore, after measuring samples using the electrochemical biosensor, copy numbers of b-actin could be determined according to the established standard curve. Likewise, a standard curve for the RAGE gene was created, and a regression equation was developed (y = 7.1590 -0.2270 x; R 2 = 0.9937) ( Figure 5B ). 
Precision of the electrochemical biosensor method
b-actin DNA standards at a low level (10 4 copies) and high level (10 9 copies) were measured 10 times (data not shown), and the coefficient of variation (%CV) was calculated to be 4.684 % and 1.875% for the high and low levels, respectively.
RAGE DNA standards at a low level (10 copies) and high level (10 9 copies) were measured 10 times (data not shown), and %CV was calculated to be 2.253 % and 3.743% for the high and low levels, respectively.
Comparison between electrochemical DNA biosensor and agarose gel electrophoresis
The copy numbers of the β-actin gene were determined from both the electrochemical biosensor and agarose gel electrophoresis. The concentrations of b-actin gene copy numbers for the two techniques were compared ( Statistical method was used to assess the correlation between measurements of the two methods. The equation based on Passing-Bablok regression was y = -40383.0623 + 1.0233 x, and the slope fitted with a 95% confidence limit of 0.9771-1.1834 ( Figure 6 ). This demonstrated that the electrochemical biosensor correlated well with the conventional agarose gel electrophoresis.
Application for detection of gene of interest
Electrochemical biosensor aggregation with Hoechst 33258 was applied to detect the RAGE gene from HeLa and HepG2 cells, using cDNA from the same tube of b-actin gene amplification. The copy number of the RAGE gene was interpolated from a standard curve, and RAGE gene expression was calculated in relation to the b-actin gene (Table 2) .
When different concentrations of cDNA were used for subsequent PCR amplification, the relative values or estimated RAGE concentrations from HeLa and HepG2 were analyzed by paired t-test. The result showed no statistically significant difference between RAGE gene copy numbers in each cell line when either 75 ng or 300 ng of cDNA was used (P = 0.761). The average RAGE gene expression levels of HeLa and HepG2 were 0.0009051 and 0.0004670, respectively. Therefore, HeLa cells expressed the RAGE gene about 2-fold higher than HepG2 cells did. Figure 6 . Correlation between the electrochemical biosensor and the conventional agarose gel electrophoressis for detecting b-actin DNA using Passing-Bablok regression analysis. Sensitivity of agarose gel electrophoresis for detecting b-actin PCR product derived from various concentrations of DNA templates. The lowest concentration of b-actin DNA that could be detected by agarose gel electrophoresis was 10 4 copies. When the same samples of RAGE DNA at various concentrations for PCR were measured with the electrophoresis method ( Figures 4A and 4B) , the results demonstrated that the electrochemical biosensor was more sensitive than the conventional method. Particularly, the lowest detection concentration of 10 4 copies for the RAGE gene was achieved using the electrophoresis method ( Figure 2B ), whereas the lowest one was as low as 10 copies for the biosensor method ( Figure 5B ).
The expression of the RAGE gene from HeLa and HepG2 cells could be found when using cDNA at a concentration of 300 ng for PCR ( Figure 7B ), but not at 75 ng ( Figure 7A ). In addition, the RAGE gene was expressed more abundantly in HeLa than in HepG2 cells ( Figure 7B ). 
DISCUSSION
An electrochemical biosensor based on the use of Hoechst 33258 is fast and easy to perform because the probe immobilization step is not required. There was a previous report of using an electrochemical biosensor for detecting gene expression in plant tissues, but the assay principle was based on enzyme-linked DNA hybridization assay (Horaková-Brazdilova et al., 2008) . The electrochemical biosensor using Hoechst 33258 has been applied to detect bovine constituents in feedstuff (Chaumpluk et al., 2006) , but that particular investigation did not provide any related information with regard to gene expression. In this study, electrochemical biosensor aggregation with Hoechst 33258 was applied to detect gene expression of the highly expressed gene, b-actin, and compared with the conventional agarose gel electrophoresis method. The technique was then applied to detect the gene of interest, which was less abundantly expressed, the RAGE gene, from HeLa and HepG2 cell lines. The result from this study demonstrated that the electrochemical biosensor is faster than the conventional electrophoresis method because it can shorten the time required for agarose gel electrophoresis and ethidium bromide staining. Specifically, the overall time required to detect a gene by the biosensor technique is less than thirty minutes, while agarose gel electrophoresis needs more than one hour. Particularly, our electrochemical detection was more sensitive than the electrophoresis method because it was able to detect the RAGE gene at the lowest level of 10 copies, whereas the gel electrophoresis method was able to detect the RAGE gene only at concentrations of at least 10 6 copies as far as the linearity for semi-quantitative measurement was concerned. This particular technique is sensitive, inexpensive, rapid and simple to use because it does not require specific skill. Nevertheless, it requires a clearly specific PCR band, because any non-specific PCR band can interfere with the electrochemical signal. Therefore, specific primers are needed for PCR amplification. For the RAGE gene, design of specific primers was rather difficult because it has many variants (Hudson et al., 2008) , thus limiting the design for the appropriate length of the amplification product and selection for the A-T rich region. In addition, we attempted to optimize PCR amplification for both b-actin and the RAGE gene until we achieved the best result for each of them. In this study, PCR was performed with 30 cycles, which was effective in avoiding PCR saturation. To increase the efficiency of the electrochemical biosensor using Hoechst 33258, the electrode should be modified from carbon to gold (Hashimoto et al., 1994) , though this will increase the cost. In conclusion, the electrochemical method can be used for semi-quantitative detection of gene expression and can be adapted for the rapid screening of many genes including the lowly expressed genes of interest.
